Background. Chlamydial infection frequently causes damage to the female genital tract. The precise mechanisms of chlamydial clearance and tissue damage are unknown, but studies suggest immunopathology with a particular role of neutrophils. The goal of this study was to understand the contribution of the immune system, in particular neutrophils.
Urogenital infections with the obligate intracellular bacterium
Chlamydia trachomatis are very common, with an estimated global prevalence of 4.2% in women aged 15-49 years and incidence of 131 million cases per year [1] . The natural course of chlamydial infection is incompletely understood; in women, the majority of infections are asymptomatic and may be cleared rapidly but may also develop into chronic infection [2] .
The greatest medical problem of this infection is permanent tissue damage in the female genital tract. Tissue damage may involve the oviducts, resulting in infertility [3, 4] . Very likely, the host immune response plays a critical role for tissue damage but the contributions of host factors are uncertain [5] .
Animal models have been used to understand human infection, especially infection of mice with the mouse pathogen Chlamydia muridarum. Upon intravaginal infection, acute infection develops that is cleared within about 3 weeks. Tissue damage is seen more frequently than in human infection with C. trachomatis. However, a similar mechanism of tissue damage is generally assumed [5] .
The initial infection of an epithelial cell with Chlamydia causes a transcriptional response [6] and chemokine production [7] , likely instrumental for the recruitment of neutrophils. This early neutrophil recruitment into the genital tract tissue is followed by infiltration of lymphocytes, largely T cells [8] .
All of this may contribute to tissue damage. The epithelial cell may initiate the immune response; epithelial cell infection may also cause tissue scarring [9] . CD8 T cells may also contribute to tissue damage [10] .
Neutrophils have great potential to damage tissues [11, 12] . Upon chlamydial infection of animals, neutrophils appear early [13] ; their pathogenetic role is very plausible and has been tested in several loss-of-function approaches.
Depletion of neutrophils using specific antibodies has not been straightforward: in this approach, immature neutrophils still infiltrated the tissue, and other myeloid cells compensated for the loss [14] . Mice deficient in CXCR2, which is important for neutrophil recruitment but whose expression is not limited to neutrophils, showed unaltered kinetics of bacterial shedding, slight differences in tissue Chlamydia numbers, but reduced incidence of pyosalpinx and hydrosalpinx [15] . Surprisingly, there was no difference in infiltration with neutrophils in the uterus but a reduction in the oviducts.
Mice deficient in matrix metalloproteinase 9-expressed particularly by neutrophils-also developed less hydrosalpinx/pyosalpinx and had fewer neutrophils in the uterus (more lymphocytes in the oviducts) without change in bacterial shedding [16] .
These results are still inconclusive. On one side, it is surprising how small the contribution of neutrophils appears to be, given their strong presence. However, a complete lack of neutrophils has not been achieved. On the other hand, the individual components studied (CXCR2, MMP9) are not only expressed by neutrophils but may have neutrophil-independent functions, and may determine only part of neutrophil function.
To test for epithelial vs immune cell contribution and especially the role of neutrophils, we here employed 2 genetic models. Vav-bcl-2 transgenic mice (Bcl-2 mice) express high levels of the human anti-apoptotic B-cell lymphoma 2 (Bcl 2)-protein in all hematopoietic cells [17] . Because the modification is limited to the hematopoietic system, any changes in the course of infection must be linked to the immune system. Because apoptosis is a key mechanism in turning off immune cell function, cells in these mice are expected to preserve their immune function for longer. When neutrophil apoptosis is blocked by overexpression of Bcl-2, proinflammatory activity is maintained, leading to increased tissue damage [12] . In chlamydial infection of Bcl-2 mice, it may be hypothesized that neutrophils are normally attracted and activated but die at lower rates, increasing their numbers and through their sustained proinflammatory activity, tissue damage. As shown here, infection of these mice with C. muridarum indeed identified a strong contribution of the immune system to tissue damage.
With the second model, we aimed at a specific test of the contribution of neutrophils. We used the infection of double-mutant mice, where the gene coding for the anti-apoptotic Bcl-2 family protein Myeloid cell leukemia 1 (Mcl-1) is deleted in the myeloid lineage (Mcl-1 mice). This leaves macrophages by and large intact but causes the death of maturing neutrophils because they require Mcl-1 for survival during differentiation [18] [19] [20] . This mutation therefore specifically decreases neutrophils and permits testing of their role in chlamydial infection. The course of infection, the inflammatory infiltrate, and tissue damage were monitored in these different mouse strains.
METHODS

Bacteria
Chlamydia muridarum (strain 03DC39; kindly provided by Konrad Sachse, Jena) was propagated in HeLa cells in presence of cycloheximide upon spin infection (2600g, 1 hour). After 24 hours, bacteria were isolated by cell scraping and shaking with glass beads, cell debris was removed by centrifugation, and bacteria were purified by ultracentrifugation (100 000g, 2 hours, 4°C). Purified chlamydiae were resuspended in sucrose-phosphate-glutamate buffer (SPG) adjusted to 2.5 × 10 7 inclusion-forming units (IFU)/mL, aliquoted and stored at -80°C.
Mouse Strains
C57BL/6NRj (wild-type [WT]) mice were purchased from Janvier (Le Genest-Saint-Isle, France). Vav-Bcl-2 transgenic mice ( [17] , Bcl-2 mice) overexpressing human anti-apoptotic Bcl-2 under the vav promoter in all hematopoietic lineages were obtained from Jerry Adams, Melbourne. Mice with conditional deletion of Mcl-1 in the myeloid lineage (Mcl-1 ∆/∆ ) were bred by crossing mice carrying Cre recombinase under control of LysM promoter [21] and loxP-flanked mcl1 [20, 22] . Mcl-1 ∆/∆ mice were provided by Attila Mocsai, Budapest.
Chlamydial Genital Infection of Mice
Ten and 3 days prior to infection, mice were injected with 2.5 mg medroxyprogesterone (DEPO-CLINOVIR, Pfizer) in 100 µL phosphate-buffered saline to synchronize menstrual cycle. Mice were intravaginally infected with 5 × 10 5 IFU C. muridarum in 20 µL SPG using thin pipettes [23] . Control mice were progesterone-treated only. To estimate bacterial burden, vaginal swabs were taken. Mice were sacrificed and genital tracts were analyzed for pathology and cellular composition. All animal experiments were approved by the Regierungspräsidium Freiburg.
Determination of Chlamydial Load
Chlamydial load was determined by inoculation of HeLa cells with suspensions recovered from vaginal swabs and quantification by immunofluorescence microscopy. (details in Supplementary Materials).
Macroscopic Pathology
Pictures of isolated genital tracts were taken with a digital camera. Macroscopically visible hydrosalpinx formation and dilated uterine horns clearly distinguishable from healthy tissue were counted. Incidence of hydrosalpinx or uterine horn dilation was calculated as percentages of hydrosalpinx-positive oviducts or dilation-positive horns relating to total numbers of oviducts/ horns analyzed. Dilated areas of horn, hydrosalpinx formation, and the whole genital tract were highlighted on the pictures, and size of these areas was determined by counting the number of pixels using ImageJ. Based on the scale, the extent of the marked area was calculated.
Microscopic Pathology
Histological longitudinal sections (2 μm) of paraffin-embedded genital tracts were stained for myeloperoxidase and quantified by light microscopy (details in Supplementary Materials).
Tissue Digestion, Cell Purification, and Flow Cytometry Analysis
Genital tracts were enzyme-digested, and single-cell suspensions were stained with antibodies to characterize innate lymphocytes (ILCs), myeloid, and T-cell subpopulations by flow cytometry (details in Supplementary Materials).
Statistical Analysis
Group effects of mouse strains were analyzed by 2-way analysis of variance and the means of cell numbers were analyzed by Sidak multiple comparisons test. Means of IFU and pathology extent were analyzed for differences with unpaired 2-tailed Student t test. Differences were defined as significant when P ≤ .05. Differences in pathology formation and infectivity of mice were tested by calculation of risk ratio with confidence interval (CI) of 95%. Risk ratio was significant when CI did not subtend 1. Numbers of animals analyzed per group are given in the figure legends.
RESULTS
The Infiltrate in C. muridarum-Infected Bcl-2 Mice Shows a Mild Increase in Neutrophils but Strong Increases in Other Myeloid and Lymphocyte Populations
Mice were infected intravaginally with C. muridarum. On days 7, 14, and 35 postinfection (pi), genital tracts were removed. Single-cell suspensions were analyzed by flow cytometry with cell-lineage specific antibodies (gating strategy in Supplementary Figure 1) . Examples of appearance of populations over time are shown in Supplementary Figure 2 .
More hematopoietic (CD45 + ) cells were observed in the genital tracts of uninfected Bcl-2 mice. The number of infiltrating cells followed the well-known time course in WT mice, with cells infiltrating massively but return to almost normal numbers on day 35. Bcl-2 mice had roughly double numbers of infiltrating cells on days 7 and 14; on day 35 the cell numbers remained substantially higher (about 4-to 5-fold compared to WT) ( Figure 1A ). This suggests that apoptosis plays a role in the removal of the cells.
Bcl-2 mice had increased neutrophil numbers during the earlier stages and about 3-fold elevated numbers at day 35 U n i n f e c t e d Increased number of infiltrating myeloid cells in Bcl-2 transgenic (Bcl-2) mice during a chlamydial genital infection. Wild-type (WT) and Bcl-2 mice were intravaginally infected with Chlamydia muridarum (5 × 10 5 inclusion-forming units). Mice were sacrificed and genital tracts were removed on 7, 14, and 35 days postinfection (dpi). Infiltrating cells were isolated by tissue digestion. Cell suspensions were labeled with antibodies, and cell populations were identified by flow cytometry as shown in Supplementary Figures 1 and 2 . Absolute cell numbers were calculated from relative population sizes. Populations of CD45 + (hematopoietic) cells (A), neutrophils (B), monocytic cells (C), and dendritic cells (D) are shown (monocytic cells are included in the dendritic cell population: 14% in WT and 11% in Bcl-2 mice in an uninfected situation; around 55% and 65%, respectively, during 7 and 14 dpi in both mouse strains; 30% in WT mice and 50% in Bcl-2 mice 35 dpi). Data are mean with standard error of the mean from 2-4 separate experiments with the following numbers of mice (dpi/number): WT (A-D: d0/n = 14, d7/n = 9, d14/n = 13, d35/n = 14); vav Bcl-2 (A: d0/n = 11, d7/n = 13, d14/n = 9, d35/n = 8; B: d0/n = 8, d7/n = 6, d14/n = 11, d35/n = 9; C: d0/n = 7, d7/n = 9, d14/n = 6, d35/n = 6; D: d0/n = 8, d7/n = 8, d14/n = 6, d35/n = 6). Statistical analysis for group effects between genotypes was done by 2-way analysis of variance. Significant group effects were found in A (P < .0001), C (P < .0001) with significant interaction (P = .0001), and D (P < .0001) with significant interaction (P < .0001). Significance between means (Bcl-2 vs WT mice) was tested by Sidak multiple comparisons test (*P < .05; **P < .01; ***P < .001). P values for uninfected, 7, 14, and 35 dpi CD45 + cells: .98, .048, .0011, .024; neutrophils: .99, .9, .8, .99; monocytic cells: .99, .0003, <.0001, .002; dendritic cells: .92, <.0001, <.0001, .003.
( Figure 1B ). Monocytes (Ly6G -Ly6C + ; Figure 1C ) and inflammatory dendritic cells (Ly6G -CD11c + ; Figure 1D ) were strongly increased and stayed at elevated levels until day 35 (about 5-fold increased).
T-cell numbers were likewise substantially increased at day 7, and remained high ( Figure 2A ). The increase was slightly higher in CD8 compared with CD4 T cells. Not many γδ T cells were detected in either mouse strain ( Figure 2A ) (with even lower Figure 2 . Stronger infiltration and longer persistence of almost all lymphocyte populations in Bcl-2 transgenic (Bcl-2) mice during a chlamydial genital infection.Wild-type (WT) and Bcl-2 mice were intravaginally infected with Chlaymdia muridarum (5 × 10 5 inclusion-forming units). Mice were sacrificed and genital tracts were removed on 7, 14, and 35 days postinfection (dpi). Genital tracts were either sectioned and stained histologically, or infiltrating cells were isolated by tissue digestion. Cell suspensions were labeled with antibodies, and cell populations were identified by flow cytometry as shown in Supplementary Figures 1 and 2 . Absolute cell numbers were calculated from relative population sizes. Populations of T cells, CD4 T cells, CD8 T cells, and γδ T cells (A) and innate lymphocytes (ILCs; B) are shown. Genital tract sections were stained against myeloperoxidase and plasma cells (C; visualized by cross-reactive staining) from cervix, horn, and oviduct were counted by microscopy (HPF, high-power field). Data are mean with standard error of the mean from 1-4 separate experiments with the following numbers of mice (dpi/number): WT (A: d0/n = 6, d7/n = 6, d14/n = 8, d35/n = 7; B: d0/n = 14, d7/n = 9, d14/n = 13, d35/n = 14; C: d0-36/n = 3; vav Bcl-2: A: d0-36/n = 6; B: d0/n = 9, d7/n = 8, d14/n = 5, d35/n = 5; C: d0-36/n = 3). Statistical analysis for group effects between genotypes was done by 2-way analysis of variance. Significant group effects were found in T cells (P < .0001) with significant interaction (P = .027), CD4 T cells (P = .0008), and CD8 T cells (P < .0001) (A). B, P = .0005. C, P = .022. Significance between means (Bcl-2 vs WT mice) was tested by Sidak multiple comparisons test (*P < .05; **P < .01 numbers in Bcl-2 mice at day 14), but substantial numbers of ILCs, probably largely classical natural killer cells ( Figure 2B) . A slightly higher presence of plasma cells indicated chronic infection ( Figure 2C ).
Thus, both myeloid and lymphocytic cells infiltrated the genital tract at higher numbers and were present for longer in Bcl-2 mice. It is well established that apoptosis curtails especially T-cell responses [24] . The continued presence of inflammatory cells is therefore likely a reflection of reduced apoptosis. The signal generated upon infection of epithelial cells therefore can be followed by a strongly enhanced immune response if apoptosis is inhibited in hematopoietic cells.
Delayed Clearance of C. muridarum in Bcl-2 Mice
This enhanced immune cell infiltration in Bcl-2 mice may be expected to facilitate clearance of bacteria by the immune system. Surprisingly, Bcl-2 mice were slower at clearing the infection than WT mice. Initial bacterial replication appeared normal, based on chlamydial shedding during the first week (Supplementary Figure 3) . This would be expected since, at least for the first developmental cycle, the response to C. muridarum is limited to epithelial cells.
However, Bcl-2 mice showed delayed clearance of the bacteria later. During weeks 2 and 3, the number of bacteria recovered was about 10-fold more than in WT mice. While in most WT mice no Chlamydia was detectable after 21 days, about half of the Bcl-2 mice still shed detectable numbers of bacteria after 35 days (Supplementary Figure 3) . Thus, despite enhanced presence of all immune cells in the genital tract, Bcl-2 mice were not as competent at clearing the infection.
Chlamydial Infection Leads to Exacerbated Tissue Damage in Bcl-2 Mice
Infection with C. muridarum frequently causes damage to uterine horns and oviducts. This tissue damage has been reported to be reduced when effector molecules or individual cells had been experimentally removed. Conversely, we asked whether the enhanced presence of inflammatory cells would enhance tissue damage.
We analyzed tissue changes on day 35 pi in Bcl-2 mice, which manifest as hydrosalpinx [25] and uterine horn dilation [26] .
Following infection, WT mice displayed hydrosalpinx in about 55% of oviducts ( Figure 3B ; day 35 pi). Hydrosalpinx size was not very different between genotypes ( Figure 3B ), suggesting that it was indeed the result of blockade rather than inflammation in the proximal parts.
Chlamydial infection can leave macroscopic widening of the uterine horns behind, probably due to infection of glandular ducts [26] . We assessed severity by determining incidence of dilation and extent of the dilated area. The incidence of dilation was about 3-fold in Bcl-2 mice over WT ( Figure 3A and 3C) . The extent of dilatory damage (surface of the dilated area in photographs) was about 5-fold larger ( Figure 3C ). In some cases, Wild-type (WT) and Bcl-2-mice were intravaginally infected with Chlaymdia muridarum (5 × 10 5 inclusion-forming units). Genital tracts were excised on 35 days postinfection (dpi). Macroscopic images of genital tracts were taken. A, Risk ratio (RR) of macroscopic pathology (incidence of uterine horn dilation or hydrosalpinx) from Bcl-2 mice 35 dpi with confidence interval (CI) of 95%. B, Incidence of hydrosalpinx formation (left) was counted for each genital tract, and percentage of hydrosalpinx positive oviducts relating to total number of oviducts analyzed was calculated. Hydrosalpinx occurred either in both oviducts, in one oviduct, or in none of the oviducts in individual mice. Respective numbers of animals affected by hydrosalpinx are as follows: WT: both sides 7, one side 15, none 0; Bcl-2: both sides 9, one side 2, none 1. Extent of hydrosalpinx (right) was quantified by calculating the surface area of hydrosalpinx as a 2-dimensional projection on photographic images (P = .41). C. Incidence of uterine horn dilation (left) was counted and percentage of dilation positive uteri relating to total number of uteri analyzed was calculated. Dilation occurred either in both horns, in one horn, or in none of the horns in individual mice. Respective numbers of animals affected by dilation are as follows: WT: both horns 2, one horn 1, none 19; Bcl-2: both horns 2, one horn 3, none 7; Mcl-1: both horns 2, one horn 1, none 12. Extent of dilation (right) was quantified by calculating its surface area as a 2-dimensional projection on photographic images (P = .07). D, Extent of the whole genital tract (by calculating the surface area as a 2-dimensional projection on photographic images) was measured from infected (35 dpi) and uninfected mice (uninfected: P = .039; 35 dpi: P = .02; WT: P = .001; Bcl-2: P = .003). Data are mean with standard error of the mean of 22 WT and 12 Bcl-2 mice from 4-8 separate experiments. Significance between means was tested by 2-tailed t test (*P < .05, **P < .01). dilation was massive (Supplementary Figure 4) . The total size of the genital tracts was also increased in Bcl-2 mice ( Figure 3D) .
We further used explanted genital tracts to detect myeloperoxidase, a key enzyme of neutrophils. Myeloperoxidase imaging is a measure of phagocyte activity in tissues during inflammation [27, 28] . It was possible to obtain bioluminescence signals from explanted uteri and to locate inflammation (Supplementary Figure 5) . Much of the activity was found in the cervical area, the initial site of infection by C. muridarum; in Bcl-2 mice, infection was detected at this site up to day 14 pi. Some activity was also detected in the oviducts and the uterine wall. This method may prove useful to map the proceeding of inflammation.
These results illustrate a substantially higher level of tissue damage in Bcl-2 mice. Since the genetic alteration is confined to the haematopoietic compartment, the inhibition of apoptosis in the immune system is sufficient to increase tissue damage, probably through increased inflammatory activity.
Reduced Numbers of Myeloid but Increased Numbers of Lymphoid Cells in Mcl-1 Mice
Earlier studies have implicated neutrophils in Chlamydiainduced tissue damage, without being able decisively to pinpoint this role of neutrophils. The Mcl-1 mice we used have almost no mature neutrophils, although some immature cells can be detected. No other substantial defect in these mice is known [18] .
The number of infiltrating hematopoietic cells was reduced on days 7 and 14 pi in Mcl-1 mice but no difference was seen between Mcl-1 mice and WT mice on day 35 ( Figure 4A ). As expected, the number of neutrophils was reduced to about 10% of WT mice ( Figure 4B ), and cells showed generally lower Ly6G expression ( Supplementary Figure 2A) , suggesting immaturity [18] .
Monocyte and DC numbers were slightly reduced in Mcl-1 mice ( Figure 4C and 4D) . As far as known, Mcl-1 deletion has no direct effect on the numbers of these cell populations [18] , Mice were sacrificed and genital tracts were removed on 7, 14, and 35 days postinfection (dpi). Infiltrating cells were isolated by tissue digestion. Cell suspensions were labeled with antibodies, and cell populations were identified by flow cytometry as shown in Supplementary Figures 1 and 2 . Absolute cell numbers were calculated from relative population sizes. Populations of CD45 + (hematopoietic) cells (A), neutrophils (B), monocytic cells (C), and dendritic cells (D) are shown (monocytic cells are included in the dendritic cell population: 14% in WT and 11% in Mcl-1 ∆/∆ mice in an uninfected situation; around 60% and 70% during 7 and 14 dpi in both mouse strains; 30% in WT mice and 50% in Mcl-1 ∆/∆ mice 35 dpi). Data are mean with standard error of the mean from 2-4 separate experiments with the following numbers of mice (dpi/number): WT (A-D: d0/n = 14, d7/n = 9, d14/n = 13, d35/n = 14); Mcl-1 ∆/∆ (A-D: d0/n = 10, d7/n = 14, d14/n = 10, d35/n = 6). Statistical analysis for group effects between genotypes was performed by 2-way analysis of variance. Significant group effects were found in B (P = .0003) with significant interaction (P = .004) and D (P = .015). Significance between means was tested by Sidak multiple comparisons test (*P < .05, **P < .01; ***P < .001 suggesting that the reduction in these numbers is secondary to a change in the inflammatory infiltrate. To test functionality of Mcl-1-deficient monocytic cells, reactive oxygen species (ROS) and tumor necrosis factor (TNF) production was assessed ex vivo at day 7. While ROS activity may have been slightly reduced, no clear alteration of function in terms of TNF production was seen in monocytic cells, suggesting functional competence ( Supplementary Figures 6 and 7) . Mice were sacrificed and genital tracts were removed on 7, 14, and 35 days postinfection (dpi). Genital tracts were either sectioned and stained histologically, or infiltrating cells were isolated by tissue digestion. Cell suspensions were labeled with antibodies, and cell populations were identified by flow cytometry as shown in Supplementary Figure 2 . Absolute cell numbers were calculated from relative population sizes. Populations of T cells, CD4 T cells, CD8 T cells, and γδ-T cells (A) and innate lymphocytes (ILCs; B) are shown. Genital tract sections were stained against myeloperoxidase and plasma cells (C) (visualized by cross-reactive staining) from cervix, horn, and oviduct were counted by microscopy (HPF, high-power field). Data are mean with standard error of the mean from 2-4 separate experiments with the following numbers of mice (dpi/number): WT (A: d0/n = 6, d7/n = 6, d14/n = 8, d35/n = 7; B: d0/n = 14, d7/n = 9, d14/n = 13, d35/n = 14; C: d0-36/n = 3); Mcl-1 ∆/∆ (A: d0/n = 6, d7/n = 8, d14/n = 5, d35/n = 5; B: d0/n = 10, d7/n = 14, d14/n = 10, d35/n = 5; C: d0-36/n = 3). Statistical analysis for group effects between genotypes was performed by 2-way analysis of variance. Significant group effects were found for γδ T cells (A; P = .02), ILCs (B; P = .005) with significant interaction (P = .033) and for plasma cells (C; P = .0003). Significance between means was tested by Sidak multiple comparisons test (*P < .05, ***P < .001 numbers were increased >2-fold on day 7, and this increase was similar for CD4 + and CD8 + T cells ( Figure 5A) .
A disproportionately strong increase was seen in the γδ T-cell population on days 7 and 14 pi, whereas levels had returned to normal on day 35 ( Figure 5A ). A reduction of ILCs was further noted ( Figure 5B) . Surprisingly, chronic infection persisted in the genital tract of Mcl-1 mice, as indicated by strong presence of plasma cells ( Figure 5C ).
Because the loss of Mcl-1 is confined to neutrophils (lost due to apoptosis) and macrophages (unaffected in numbers), this suggests that the loss of one particular cell type causes substantial reorganization of the infiltrate. Any differences in the outcome of the infection may therefore be a composite phenotype of such a loss and compensating mechanisms.
Less Efficient Clearance of Bacteria in Mcl-1 Mice
We found, following normal initial bacterial levels, a slightly slower bacterial clearance in Mcl-1 mice: Unlike WT mice, about half of the mice still shed detectable bacteria all through to day 35 pi (Figure 6 ), although this effect was not dramatic, indicating that the presence of neutrophils permitted more efficient clearance. Neutrophils therefore do make a contribution to the clearance of C. muridarum during genital tract infection.
Reduced Tissue Damage in Mcl-1 Mice
Examples of the macroscopic appearance of the genital tracts are shown in Supplementary Figure 4 . The incidence of any macroscopic pathology in Mcl-1 mice was similar to WT mice ( Figure 7A ). Incidence of hydrosalpinx was slightly reduced ( Figure 7B ). Severity of hydrosalpinx episodes was, however, substantially reduced (lesion size; Figure 7B ). Although incidence of episodes of uterine horn dilation was even higher in Mcl-1 mice, extent of the dilated areas was reduced ( Figure 7C ). Genital tract size was only marginally increased compared to untreated controls in Mcl-1 mice, considerably less than in WT mice ( Figure 7D) . Therefore, despite continued presence of more bacteria in the genital tract of Mcl-1 mice, tissue damage was reduced. These results clearly identify neutrophils as an important player in the development of tissue damage following chlamydial genital infection in mice.
DISCUSSION
In Bcl-2 mice we tested for the contribution of a hematopoietic system. The results show the predicted increased tissue damage in the genital tract. Surprisingly, the strongly increased infiltration of immune cells failed to enhance bacterial clearance. Neutrophildeficient Mcl-1 mice had a relatively mild problem in clearing the infection. The reduction in tissue damage was substantial. WT (d3/n = 34, d7/n = 25, d10/n = 16, d14/n = 14, d17/n = 5, d21/n = 7, d24/n = 4, d28/n = 5, d31/n = 6, d35/n = 5); Mcl-1 ∆/∆ (d3/n = 14, d7/n = 16, d10/n = 12, d14/n = 12, d17/n = 7, d21/n = 6, d24/n = 7, d28/n = 5, d31/n = 7, d35/n = 11). Significance between means was tested by 2-tailed t test (*P < .05; 3 dpi: P = .97; 7 dpi: P = .02; 10 dpi: P = .02; 14 dpi: P = .34; 17 dpi: P = .24; 21 dpi: P = .21; 24 dpi: P = .159; 28 dpi: P = .74; 31 dpi: P = .35; 35 dpi: P = .32).
The results in Bcl-2 mice show that purely manipulating the immune system can be sufficient to aggravate tissue damage. Chlamydia initially infects the epithelial layer of the cervix. During the first developmental cycle of C. muridarum, increased chemokine and cytokine messenger RNA levels have been found, and the first neutrophils have been observed [7] . In vitro, Chlamydia-infected epithelial cells produce chemokines and cytokines [29, 30] , suggesting that epithelial cells contribute to inflammation.
Substantially more immune cells infiltrated the genital tract in Bcl-2 mice. Other than γδ T cells, all cell populations showed this pattern. Apoptosis turns off both lymphocytic and neutrophil immune responses. The reduced apoptosis therefore will lead to sustained presence and activity of immune cells in Bcl-2 mice.
Inhibition of apoptosis in neutrophils can have dramatic effects on tissue damage during infection [12] . Inhibition of apoptosis in T cells by manipulation of Bcl-2 family proteins keeps the cells alive but tends to have less drastic effects (although not tested for chlamydial infection before) [31, 32] . This may be because T-cell activation is more complex and requires the orchestrated delivery of signals.
The relative composition of the infiltrate of Bcl-2 mice was not much different. The strongly enhanced tissue damage is therefore probably a quantitative effect. The 2 cell populations most clearly implicated in tissue damage during chlamydial genital infection are neutrophils and CD8 T cells [5] . As both populations were increased in Bcl-2 mice, both may contribute to the strong tissue damage. Neutrophil numbers did decline in Bcl-2 mice, but on day 35 there were still >3 times as many neutrophils present as in WT mice (and about 50 times as many as in uninfected mice). Tissue damage may also be caused, or at least initiated, earlier and only become apparent macroscopically later on.
Areas of myeloperoxidase activity could still be detected in Bcl-2 mice on day 14. This is consistent with the maintained activity of neutrophils due to Bcl-2 overexpression [12] . The results indicate that apoptosis in immune cells is required to balance proinflammatory activities and to limit tissue destruction during chlamydial genital infection.
Why are Bcl-2 transgenic mice slower at clearing Chlamydia, despite higher presence of immune cells? During lung infection with Chlamydia pneumoniae, depletion of neutrophils surprisingly reduced chlamydial load at early stages. When neutrophils were added in vitro to infected HeLa cells, they further boosted replication of C. pneumoniae [33] . Because cytokines can induce a plethora of signaling events in epithelial cells, such an effect might contribute to delayed chlamydial clearance.
The immune system is required for clearing the infection. Mice deficient in interferon-γ are slower at clearing C. muridarum; this deficiency is considerably greater in mice without αβ T cells . Significance between means was tested by 2-tailed t test (**P < .01; ***P < .005).
[34]. Mice without lymphocytes were likewise unable to clear C. muridarum [35] . The actual effector mechanisms clearing the epithelial layer of the infection are, however, undefined.
Mcl-1 mice cleared Chlamydia less rapidly. Whether this is a direct effect of neutrophils, such as cytokine or ROS production, or whether this is indirect through other effector cells is not clear. It has been suggested that neutrophils actively purge the epithelial layer of infected cells and phagocytose bacteria [13] . Neutrophils might also play a role for ascension of chlamydial infection by facilitating breaking the cervical barrier.
The damage to the genital tract tissue in Mcl-1 mice was considerably smaller. Besides neutrophils, CD8 T cells have been implicated in tissue damage during C. muridarum infection [10] . However, CD8 T cells in the genital tract of Mcl-1 mice were at least as numerous as in WT mice, so they are only partly responsible.
Neutrophils are therefore instrumental in the tissue damage during C. muridarum genital infection. Neutrophils may directly damage the tissue, perhaps through ROS [36] , lipid mediators, secreted proteases, and perhaps DNA and nuclear components released during cell death as "neutrophil extracellular traps" [11] .
In C. muridarum-infected Mcl-1 mice, there were also fewer monocytes and inflammatory dendritic cells and fewer innate lymphocytes. An indirect effect of the reduced neutrophil numbers on the amount of other cell types is likely. Although some functional defects have been observed in macrophages isolated from Mcl-1-deficient mice, we found no striking direct effect of Mcl-1 loss on functionality of monocytic cells. Surprisingly, there were many more γδ T cells in the genital tracts of infected Mcl-1 mice. In steady-state conditions, neutrophil apoptosis in tissues drives secretion of IL-23, which can activate γδ T cells [37] , and overexpression of interleukin 23 (IL-23) increased tissue infiltration in mice [38] . In Mcl-1 mice, more apoptosis may be expected in developing neutrophils. A cytokine loop, perhaps through IL-23, may thus be involved in the recruitment of γδ T cells. Such a mechanism has, to our knowledge, not been reported but a reduction of tissue damage through γδ T cells is principally conceivable.
There are still substantial gaps in our knowledge how chlamydial infection is on one hand cleared by the immune system and, on the other hand, induces tissue damage. The mouse model may not in all points be able to predict the mechanisms that cause pelvic inflammatory disease and sterility in patients. Information collected with this model will, however, provide hypotheses and inform studies in patients, and fuller understanding of the infection may ultimately lead to discovery of a potent vaccine.
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